The objective of this study was to evaluate the effects of different concentrations of DLmalate (disodium salt) on the in vitro mixed ruminal microorganism fermentation of soluble starch or cracked corn. Ruminal fluid was collected from a steer fed 6.8 kg of forage and 2.3 kg of concentrate supplement once daily, and mixed ruminal microorganisms were incubated in anaerobic media (40 mL) that contained 20% (vol/vol) ruminal fluid in batch culture for 24 h at 39°C. Malate was added to the incubation bottles ( n = 4 ) t o achieve final concentra- 
Introduction
Malate is a four-carbon dicarboxylic acid that is commonly found in biological tissues because it is an intermediate of the citric acid cycle (Lehninger, 1975) . Even though only aerobic bacteria capable of respiration (i.e., Escherichia coli) possess a functional citric acid cycle (oxidative), some strictly anaerobic bacteria use a reductive or reverse citric acid cycle known as the succinate-propionate pathway to synthesize succinate and(or) propionate (Gottschalk, 1986 bacterium Selenomonas ruminantium uses this pathway (Gottschalk, 1986) . Linehan et al. (1978) demonstrated that growth of S. ruminantium HD4 in a lactate-salts medium is stimulated by L-aspartate and the requirement for Laspartate can be replaced with L-malate or fumarate. More recent research showed that L-lactate uptake by S. ruminantium HD4 is increased in the presence of 10 mM L-aspartate, fumarate, or L-malate; L-malate elicits the greatest response (Nisbet and Martin, 1990) . In addition, different concentrations (.03 t o 10 mM) of L-malate stimulated L-lactate uptake by S. ruminantium in a dose-response fashion (Nisbet and Martin, 1991) . It also seems that both L-malate and Na+ are involved in stimulating L-lactate utilization by S. ruminantiurn HD4 (Nisbet and Martin, 1994) . Based on the response seen with S. ruminantium and because information is limited detailing the effects of organic acids on ruminal fermentation, the objective of this study was to evaluate the effects of different concentrations of DL-malate on in vitro mixed ruminal microorganism fermentation.
Materials and Methods

Ruminal contents
were obtained from a 500-kg ruminally fistulated Jersey steer fed 6.8 kg of forage (medium-quality alfalfa hay) and 2.3 kg of concentrate supplement (30% ground shelled corn, 11.5% corn gluten feed, 56.8% soybean hulls) once daily. The ruminal contents were obtained 1.5 h after feeding and squeezed through four layers of cheesecloth into an Erlenmeyer flask with an 02-free headspace. The flask was not disturbed for 20 min (39 "C), permitting feed particles to rise to the top of the flask. Particle-free fluid from the flask was anaerobically transferred (20% vol/vol) to a medium (pH 6.7) containing 292 mg of K2HP04, 240 mg of KH2PO4, 480 mg of (NH4) 2SO4, 480 mg of NaC1, 100 mg of MgS04-7H20764 mg of CaC12-2H20,4,000 mg of Na2C03, and 600 mg of cysteine hydrochloride per liter (Russell and Martin, 1984; Russell and Strobel, 1988) . Particle-free fluid and medium were mixed and 40 mL was transferred anaerobically to 160-mL serum bottles that contained either no substrate, .4 g of soluble starch (Difco Laboratories, Detroit, MI),or .4 g of cracked corn. Weighed amounts of DL-malate (disodium salt, Sigma Chemical, St. Louis, MO) were added to achieve final concentration of 4,8, or 12 mM.
The bottles were sealed (CO2 atmosphere) with butylrubber stoppers and aluminum caps to contain the gas pressure and placed in a 39°C water bath and periodically mixed.
After 24 h of incubation, .5 mL of gas was removed from each of the bottles, and hydrogen (H21 and methane (CH41 were measured on a Gow Mac thermal conductivity series 580 gas chromatograph (Gow Mac Instrument, Bridgewater, N J ) equipped with a Porapak Q column (60"C, 20 mumin of N2 carrier gas). The bottles then were uncapped, and the pH was measured immediately with a pH meter. Bottles were then emptied into centrifuge tubes and centrifuged (10,000 x g , 4"C, 15 min) and the cell-free supernatant fluids were stored at -20°C.
Volatile fatty acids in supernatant fluid samples were measured by GLC using a Shimadzu GC-14A (Shimadzu Scientific Instruments, Columbia, MD) gas chromatograph (column temperature = 125"C, injector temperature = 170"C, detector temperature = 175°C) equipped with an autosampler and GP 10% SP-1200/1% H3PO4 80/100 mesh size Chromosorb W AW column (Supelco, Bellefonte, PA) (Anonymous, 1975) . Ammonia was measured by a modified colorimetric method (Chaney and Marbach, 1962; Russell and Jeraci, 1984) .
L-Lactate was analyzed by the enzymatic method of Hohorst ( 1965) . All experiments were performed on duplicate days with two experiments per day ( n = 4). Data were analyzed by ANOVA using a GLM procedure (SAS, 1985) for a completely randomized design with four levels ( 0 , 4, 8, 12 m M ) of DL-malate added. Least squares means for DL-malate levels are reported and significance was tested at the P < .05 level. The LSD method was used to determine significance between treatment means.
Results and Discussion
It is well documented that many ruminal bacteria require short-chain VFA (i.e., acetate) for growth, and branched-chain VFA (isovalerate, isobutyrate, 2-methylbutyrate) have been shown to stimulate ruminal bacterial growth and plant cell wall digestion (Gorosito et al., 1985) . Few studies have examined the effects of other organic acids on mixed ruminal microorganism fermentation. Russell and Van Soest (1984) evaluated the in vitro fermentation of organic acids common in forage (citrate, trans-aconitate, malate, malonate, quinate, and shikimate) by mixed ruminal bacteria. However, the only variables measured were rates of organic acid disappearance and product formation. Results from these studies indicated that 7.5 mM malate was fermented fairly rapidly (within 10 h ) and the primary fermentation end products were acetate and propionate (Russell and Van Soest, 1984) . In the absence of exogenous carbohydrates, DLmalate addition increased ( P < .05) propionate and decreased ( P < .05) the acetate:propionate ratio (Table 1) . Although not significant ( P > .lo), DLmalate treatment tended to numerically increase final pH, and 8 and 12 mM DL-malate increased ( P < .05) acetate and total VFA. No treatment effects ( P > . l o ) were observed for Hz, CH4, butyrate, isobutyrate, valerate, isovalerate, L-lactate, and NHS. The concentrations of both acetate and propionate increased as DL-malate concentration increased. This is consistent with the observation by Russell and Van Soest ( 1984) that malate fermentation by mixed ruminal bacteria produced both acetate and propionate. To determine the effects of DL-malate on starch fermentation, mixed ruminal microorganisms were incubated with a n excess (.4 g/40 mL of media) of either soluble starch or cracked corn (Tables 2 and 3) . As expected, final pH was lower and the concentrations of most fermentation products were much higher than the concentrations observed in the absence of carbohydrates (Tables 2 and 3 vs Table 1 ). When soluble starch was the substrate, all three concentrations of DL-malate tended to increase propionate ( P = .13), and this corresponded to a decrease ( P < .05) in the acetate:propionate ratio (Table 2) . Final pH and NH3 were increased ( P < .05) by 12 mM DL-malate. Methane concentrations were decreased ( P < .05) by 8 and 12 mM DL-malate, whereas malate treatment had no effect on Hz. There was no significant change ( P > .lo) in the other fermentation products with added DL-malate; however, concentrations of acetate and L-lactate numerically decreased somewhat, particularly at 12 mM DL-malate. a-bMeans within a row lacking a common superscript letter differ ( P < .05). a~bJMeans within a row lacking a common superscript letter differ ( P < .05).
When mixed ruminal microorganisms were incubated with cracked corn, DL-malate treatment had little effect ( P > . l o ) on Hz, acetate, butyrate, isobutyrate, isovalerate, and NH3 (Table 3 ) . Both final pH and propionate concentration were increased ( P < . 0 5 ) by 8 and 12 mM DL-malate, whereas CH4, L-lactate, and valerate concentrations tended to numerically decrease. Total VFA concentrations tended to numerically increase and the acetate:propionate ratio was decreased ( P < . 0 5 ) by 8 and 12 mM DLmalate.
The effect of DL-malate on final pH, CH4, Hz, acetate, propionate, and L-lactate concentrations, particularly with soluble starch as the substrate (Table 21 , is analogous to the effects of ionophores (i.e., monensin, lasalocid) on in vitro and in vivo ruminal fermentation.
Ionophore effects include a decrease in methane production, a decrease in lactate production, and an increase in the ratio of propionate to acetate (summarized by Russell and Strobel, 1989) . Inhibition of methanogenesis is believed to be due to a decline in H2 production by ionophoresensitive bacteria (Van Nevel and Demeyer, 1977; Russell and Strobel, 1989) . When methanogenesis is inhibited, other reduced fermentation products, such as propionate, increase at the expense of acetate (Van Nevel and Demeyer, 1977; Wallace et al., 1980) . Based on the ability of the predominant ruminal anaerobe S. ruminantium HD4 t o grow on malate in the presence of extracellular H2 and produce succinate ( a precursor for propionate), it was hypothesized that malate may provide an electron sink for H2 (Nisbet and Martin, 1991) . Reducing equivalents are needed in the fumarate reductase reaction that converts fumarate to succinate in the succinate-propionate pathway used by S. ruminantium (Gottschalk, 1986) . Therefore, rather than having a toxic effect on Hzproducing ruminal bacteria like the ionophores, malate addition to our incubations seemed to stimulate succinate and(or) propionate production by S. ruminantium, resulting in a decrease in the availability of H2 to the methanogenic bacteria. Due to the ability of ionophores to inhibit ruminal bacteria that produce lactate (i.e., Streptococcus bovis), it is believed that these compounds are effective in reducing the incidence of acidosis by decreasing lactate production and increasing pH within the rumen (Dennis et al., 1981; Russell and Strobel, 1989) . A different mechanism seems to be involved with malate. Rather than decreasing lactate production like the ionophores, malate stimulates lactate utilization by S. ruminantium HD4 (Linehan et al., 1978; Nisbet and Martin, 1990 , 1993 ) and a recent ruminal selenomonad isolate, strain H18 (Strobel and Russell, 1991) . Although not significant, DL-malate treatment tended to decrease L-lactate concentrations in our fermentations and there was a corresponding increase in final pH, particularly with 8 and 12 mM DL-malate (Tables 2  and 3 ) . In addition to using 20% ruminal fluid medium as described above, experiments were also conducted to evaluate the effects of DL-malate on the fermentation of soluble starch and cracked corn using only undiluted ruminal fluid in our incubations. Results similar to those observed with the 20% ruminal fluid medium were observed for final pH, propionate, Llactate, total VFA, and the acetate:propionate ratio for both soluble starch and cracked corn (data not shown). Experiments were also conducted to ascertain whether the chemical form of malate had any effect on the mixed ruminal microorganism fermentation. When L-malate (free acid) was incorporated into 20%
ruminal fluid medium at 0, 4, 8, and 12 m M , treatment effects were similar to those observed for DL-malate (disodium salt; Tables 1 to 3 ) with the exception of final pH (data not shown). Even though propionate concentrations were increased in these experiments, incorporation of the free acid form of malate into our incubations caused a decrease in final pH. For example, in the absence of exogenous substrates, the addition of 0, 4, 8, and 12 mM Lmalate resulted in final pH values of 6.63, 6.61, 6.58, and 6.56, respectively. Therefore, it seems that because the free acid form of malate is a fairly strong acid (pK = 3.4-5.05; Segel, 1976) , the buffering capacity of our medium was exceeded as the concentration of L-malate increased, resulting in a decrease in final pH. Based on the early work by Linehan et al. ( 1978) that reported malate stimulated growth of the ruminal bacterium S. ruminantium, research was conducted to evaluate the effects of feeding different levels of malate on the performance of Holstein cows and bulls (Kung et al., 1982; Sanson and Stallcup, 1984) . Kung et al. (1982) observed that feeding 140 g of malic acid per day resulted in greater milk persistency in lactating cows and malic acid treatment increased total VFA during early lactation. Other parameters, including ruminal pH, were not altered by malic acid treatment; however, ruminal fluid samples were collected only by stomach tube and lactate concentrations were not reported (Kung et al., 1982) . Feeding malate to Holstein bull calves improved ADG and feed efficiency but had little effect on blood serum constituents (Sanson and Stallcup, 1984) . More research is need to evaluate the effects of malate treatment on ruminant performance.
Compared with the amount of research, both in vivo and in vitro, that has been conducted with other feed additives (i.e., ionophores), very little research has been conducted with malate and other organic acids. Given the increasing concern and(or) criticism regarding the feeding of antibiotics and the potential for selecting antibiotic-resistant bacterialpathogens in animal agriculture (Nikolich et al., 19941 , research is needed to investigate alternatives to manipulating gastrointestinal microorganisms. By studying the effects of malate on ruminal fermentation, it may be possible to develop organic feed additives that alter the competitive balance of the rumen by stimulating rather than inhibiting specific microbial populations.
Implications
Incorporation of DL-malate into our incubations stimulated mixed ruminal microorganism fermentation, and the change in fermentation products and final pH was similar to the well-documented effects of ionophores on the ruminal microbial fermentation. Due to the effects of malate treatment on final pH and fermentation products in our study, applications might include adding malate to the diets of cattle when they first arrive at the feedlot or to the diets of high-producing dairy cows that are fed rapidly fermentable feedstuffs. However, more research is needed to evaluate the effects of malate on ruminant performance.
Literature Cited
